Regulation of gene expression at the level of mRNA stability is a major topic of research; however, knowledge about the regulatory mechanisms affecting the binding and function of AU-rich element (ARE)-binding proteins (AUBPs) in response to extracellular signals is minimal. The ␤1,4-galactosyltransferase 1 (␤4GalT1) gene enabled us to study the mechanisms involved in binding of tristetraprolin (TTP) as the stability of its mRNA is regulated solely through one ARE bound by TTP in resting human umbilical vein endothelial cells. Here, we provide evidence that the complex formation of TTP with 14-3-3␤ is required to bind ␤4GalT1 mRNA and promote its decay. Furthermore, upon tumor necrosis factor alpha stimulation, the activation of both I␤ kinase and protein kinase C␦ is involved in the phosphorylation of 14-3-3␤ on two serine residues, paralleled by release of binding of TTP and 14-3-3␤ from ␤4GalT1 mRNA, nuclear sequestration of TTP, and ␤4GalT1 mRNA stabilization. Thus, a key mechanism regulating mRNA binding and function of the destabilizing AUBP TTP involves the phosphorylation status of 14-3-3␤.
Posttranscriptional regulation of gene expression offers a powerful mechanism to swiftly respond to extracellular stimuli and either up-or downregulate the expression of targeted proteins. An important posttranscriptional mechanism exerts its effects on mRNA stability. mRNA molecules contain specific cis-acting elements that are bound by trans-acting factors that affect the rate at which mRNA is degraded. The most common cis-acting elements in mammalian cells involved in rapid mRNA decay are the AU-rich elements (ARE). AREs contain one or more repeats of the pentanucleotide AUUUA sequence within the 3Ј untranslated regions (3ЈUTR) of shortlived mRNA molecules. The regulation of gene expression through ARE-mediated modulation of mRNA plays a critical role during cell growth and differentation, in apoptosis, and in the immune response (2, 8, 34) .
Various ARE-binding proteins (AUBPs) have been previously described. Both destabilizing and stabilizing factors have been identified which dynamically modulate mRNA turnover in an opposing fashion. Although the exact mechanisms by which the RNA/protein interactions affect the mRNA deadenylation and decay remain elusive, it has been reported that the destabilizing AUBPs directly or indirectly recruit the exosome, a multiprotein complex of 3Ј-to-5Ј exoribonucleases, promoting mRNA decay (7, 15) . Proteins belonging to the class of destabilizing AUBPs are AU-rich RNA-binding factor 1 (AUF1), also known as heterogeneous nuclear ribonucleoprotein D; K homology splicing regulatory protein (KSRP); tristetraprolin (TTP); and the TTP-relative butyrate response factor-1 (BRF1) (3, 15, 32, 37) . Proteins that have been shown to increase the stability of mRNA include Hu antigen R, nuclear factor 90, and nucleolin (4, 34, 36) . These factors are thought to block mRNA decay by preventing binding of the destabilizing AUBPs and thus the recruitment of the exosome. Another layer of complexity is added by AUBPs like CUGBP2, which facilitate mRNA stabilization but at the same time inhibit translation (23) .
Despite a large knowledge base about the AUBPs involved in regulating mRNA stability, how mRNA binds the factors and how the switch between destabilizing and stabilizing proteins is regulated remain ill defined. A variety of signaling pathways induced by inflammatory stimuli have been implicated in either stabilization or destabilization of mRNAs. Whereas the use of inhibitors and dominant negative mutants of signaling proteins has shown the involvement of TAK1, mitogen-activated protein (MAP) kinase kinase kinase 1, MAP kinase kinase 6, p38, p38 MAP kinase-activated protein kinase 2 (MK2; also known as MAPKAP2), c-jun N-terminal kinase, and extracellular signal-regulated kinase in modulating mRNA turnover, it is unclear how these mechanisms are linked (10, 11, 17, 22, 45) . More specifically, MK2 has been shown to be involved in the phosphorylation of the destabilizing factor TTP, influencing the association of TTP with the chaperone protein 14-3-3, yet it remains unresolved how phosphorylation affects the mRNA binding and activity of TTP (9) . In contrast, the phosphorylation of AUF1 has been shown to remodel local RNA structures and most likely regulates mRNA turnover by altering the recruitment of the degradation machinery; however, the signaling pathways and kinases responsible for AUF1 phosphorylation in vivo remain elusive (43, 44) .
Recently, we reported that the stability of the ␤1,4-galactosyltransferase I (␤4GalT1) mRNA is solely mediated through the second AU-rich element (AU2), which in resting primary human umbilical vein endothelial cells (HUVECs) is bound by a destabilizing factor. The proinflammatory cytokine tumor necrosis factor alpha (TNF-␣) upregulates the expression of ␤4GalT1 via mRNA stabilization (13) . To further understand how mRNA stability is modulated in response to extracellular stimuli, we investigated the signaling pathways and regulatory mechanisms involved in TNF-␣-induced stabilization of ␤4GalT1 mRNA. It was found that in resting HUVECs, AU2 was bound by a destabilizing complex of TTP and 14-3-3␤, resulting in rapid mRNA turnover. We observed that TNF-␣ induced two distinct signaling pathways, one mediated by inhibitor B kinase ␤ (IKK␤) and the other was mediated by protein kinase C␦ (PKC␦), which resulted in the dislodgment of the TTP/14-3-3␤ complex from AU2 and the nuclear translocation of TTP, paralleled by an increase in the ␤4GalT1 mRNA half-life. We provide a mechanism for these observations through the phosphorylation of 14-3-3␤ by IKK␤ and PKC␦ on serine residues Ser132 and Ser60, respectively, which interferes with its binding to TTP and hence the retention of TTP in the cytoplasm.
MATERIALS AND METHODS
HUVEC isolation, cell culture, and stimulation. Endothelial cells were isolated from human umbilical cord veins by collagenase digestion as described previously (14) . Cells were maintained in M199 medium supplemented with 10% human serum, 10% fetal calf serum, 1 mM L-glutamine, 5 U/ml heparin, 150 g/ml basic fibroblast growth factor, 100 U/ml penicillin, and 100 U/ml streptomycin in 0.75% (wt/vol) gelatin-coated culture dishes.
The human cervical epithelial carcinoma cell line HeLa TetOff (HeLa TO) was purchased from BD Clontech (Palo Alto, CA) and maintained in highglucose Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, and 0.1 mg/ml G418.
Prior to experiments, cells were serum starved for 2 h. TNF-␣ (CLB, Amsterdam, The Netherlands) was used at an end concentration of 100 U/ml. Preincubation with inhibitors occurred for 6 h (leptomycin B [LMB]) or 2 h (all other inhibitors). The inhibitors were used at the following end concentrations: 5 M AG490 (JAK2 inhibitor; Alexis, Lausen, Switzerland), 5 M Akt inhibitor (Alexis), 4 M BAY11-7082 (IKK inhibitor; BioMol, Plymouth Meeting, PA), 0.2 M FTI-277 (farnesyltransferase inhibitor; Calbiochem, Nottingham, United Kingdom), 20 M SP600125 (c-jun N-terminal kinase inhibitor; BioMol), 20 M LY294002 (phosphatidylinositol 3-kinase inhibitor; Cell Signaling Technology, Beverly, MA), 10 M PD98059 (MEK1 inhibitor; Cell Signaling), 10 M U0126 (MEK1/2 inhibitor; Cell Signaling), 20 nM Raf1 kinase inhibitor I (Calbiochem), 1 M SB203580 (p38 inhibitor; Alexis), 50 M rottlerin (PKC␦ inhibitor; BioMol), and 10 ng/ml LMB (CRM1 inhibitor; LC Laboratories, Woburn, MA).
Plasmids and site-directed mutagenesis. pTet-␤-globin-3ЈUTR
␤4GT1 and pTet-␤-globin-mAU2 have been described before (13) . These chimeric mRNAs are continuously transcribed in cell lines expressing the tetracycline-controlled transactivator, like HeLa TO. The expression plasmids pHM6/14-3-3␤(wt), pHM6/14-3-3ε(wt), and pHM6/14-3-3(wt) were kindly provided by N. Fujita (33) . pcDNA3-His/TTP(wt) was a gift from W. Rigby (5) . The S60A, S132A, S60/132A, and S132E mutants of 14-3-3␤, the S59A mutants of 14-3-3ε and 14-3-3, and the S186A mutant of TTP were generated using the QuickChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, CA). The expression plasmids pCMV5-HA/IKK␣(S176/180A), pCMV5-HA/IKK␣(S176/180E), pCMV5-flag/IKK␤(S177/181A), and pCMV5-flag/IKK␤(S177/181E) were gifts from R. Gaynor (28) , while pcDNA3-flag/IKK␥(wt) and pcDNA3-flag/ IKK␥(⌬246-365) were kindly provided by C. Scheidereit (40) . Bacterial expression plasmids for the production of glutathione S-transferase (GST) fusion proteins were constructed by subcloning 14-3-3␤(wt), 14-3-3␤(S60A), 14-3-3␤(S132A), and 14-3-3␤(S60/132A) from the pHM6 expression plasmids into the EcoRI site of pGEX-4T/3 (Amersham Biosciences, Uppsala, Sweden). All constructs were verified by sequencing.
For the generation of stable knockdown HeLa TO cell lines for TTP and BRF1, target small interfering RNAs (siRNAs) were cloned into the BglII/ HindIII sites of the pSuper.retro.puro vector, a kind gift of R. Agami (6) . siRNA targets for TTP and BRF1 were 5Ј TGTCTCCTGGTAACTGGAA 3Ј and 5Ј CCTTTGTGTTGGACTGCAA 3Ј, respectively.
Transfection. HeLa TO cells were grown to 90% confluence before transfection. The transfection with clonfectin (BD Clontech) was performed as recommended by the manufacturer, using 2 g pTetBBB plasmid, 2 g reporter plasmid and 1 g clonfectin per 2.5 ϫ 10 5 cells. The cells were incubated with the mixture of DNA and clonfectin in serum-free medium for 3 h, after which the medium was changed for serum-containing medium again. Cells were used for experiments 24 h after transfection.
mRNA half-life determination. HUVECs were stimulated with TNF-␣ as indicated, before the addition of 10 g/ml actinomycin D (ActD; Sigma, St. Louis, MO) to block transcription. After stimulation of transfected HeLa TO cells as indicated, 1 g/ml doxycycline (DOX; BD Clontech) was added to block tetracycline-controlled transactivator-dependent transcription of chimeric mRNA. At 0, 20, 40, 60, 90, and 120 min after the addition of either ActD or DOX, cells were lysed for mRNA isolation as described below. Quantification of mRNA expression by real-time PCR analysis after transcription stop, as described below, allows for the calculation of the mRNA half-life.
mRNA isolation, cDNA synthesis, and quantitative real-time PCR. Cells were lysed and mRNA was isolated with the mRNA capture kit (Roche, Basel, Switzerland), following the manufacturer's guidelines. cDNA synthesis then proceeded in the streptavidin-coated tubes with the captured mRNA with the reverse transcriptase kit (Promega Corporation, Madison, WI) as recommended by the manufacturer.
For real-time PCR analysis, PCR amplification was performed with an ABI 7900HT sequence detection system (Applied Biosystems, Foster City, CA) with SYBR Green master mix (Applied Biosystems) as previously described (14) . Specific primers for ␤4GalT1, TTP, AUF1, KSRP, 14-3-3␤, 14-3-3ε, 14-3-3, 14-3-3, 14-3-3, 14-3-3␥, 14-3-3, rabbit ␤-globin, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were designed using Primer Express 2.0 (Applied Biosystems). Specificity of PCR products was confirmed by restriction enzyme control reactions. For each sample, the normalized amount of target mRNA (Nt) was calculated from the obtained Ct values for both target and GAPDH mRNA with Nt ϭ 2 Ct(GAPDH)Ϫ Ct (target) . The relative mRNA expression was obtained by setting Nt in unstimulated control samples at 1 within one experiment.
RNA interference. Stable knockdown cell lines were generated by the transfection of HeLa TO cells with pSuper.retro.puro vectors containing either TTP, BRF1, or scrambled control siRNA targets. At 24 h after transfection, puromycin was added at a concentration of 0.3 g/ml. Two weeks after transfection, single colonies of cells were picked and screened for silenced expression of TTP or BRF1 mRNA by real-time PCR analysis.
RNA immunoprecipitation (RIP) assay. A total of 2.5 ϫ 10 5 HUVECs or 1 ϫ 10 6 transfected HeLa TO cells were fixed with 0.5% formaldehyde in phosphatebuffered saline, washed, resuspended in 250 l RIP lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 M EGTA, 1 mM Na 3 VO 4 , 0.05% sodium dodecyl sulfate [SDS], 2 U/l RNAsin [Promega], 1% NP-40, 10 g/ml leupeptin, 10 g/ml pepstatin A, 0.4 mM phenylmethylsulfonyl fluoride), sheared through a 26-gauge needle, and incubated on ice for 1 h. Lysates were incubated with antibodies, and immunocomplexes were precipitated using protein A/G PLUS agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA). Immunocomplexassociated mRNAs contained on the beads and nonassociated mRNAs present in the supernatant were separated by centrifugation. Both fractions were subjected to heat treatment to reverse cross-links (2 h at 70°C), followed by incubation with proteinase K (1 h at 45°C). Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA). mRNA was isolated and subjected to real-time PCR as described above to establish the distribution of ␤4GalT1 mRNA between immunocomplex-associated and nonassociated fractions.
Polyclonal antibodies used were anti-TTP, anti-pan 14-3-3, anti-14-3-3␤, anti-14-3-3ε, anti-14-3-3, anti-14-3-3, anti-14-3-3␥, and anti-14-3-3 (all from Santa Cruz Biotechnology) and anti-14-3-3 (IBL, Gunma, Japan).
Western blotting and ECL immunodetection. Immunoprecipitations were performed using whole-cell extracts from either nontreated or formaldehydetreated, unstimulated, or TNF-␣-stimulated HUVECs with anti-TTP-specific antibodies directed against 14-3-3 isoforms as mentioned above or anti-phosphoserine/threonine antibodies (BD Transduction Laboratories, Palo Alto, CA). Immunocomplexes were subjected to SDS-polyacrylamide gel electrophoresis (PAGE); blotted onto polyvinylidene difluoride membranes; analyzed for TTP or 14-3-3 isoform expression with anti-TTP, anti-pan 14-3-3, or anti-14-3-3␤ antibodies, as indicated; and incubated with swine anti-rabbit immunoglobulin (Ig)-HRP (DAKO, Glostrup, Denmark), and assayed with the ECL detection system (Amersham Biosciences).
The overexpression of proteins in transfection experiments was checked by performing Western blot analysis on whole-cell lysates: 0.5 ϫ 10 6 transfected
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HeLa TO cells were lysed in 200 l WCL lysis buffer (50 mM Tris-HCl [pH 7.5], 200 mM NaCl, 1 M EGTA, 1 mM Na 3 VO 4 , 1 mM NaF, 1% Triton X-100, 10 g/ml leupeptin, 10 g/ml pepstatin A, 0.4 mM phenylmethylsulfonyl fluoride) for 30 min on ice. A total of 35 l was subjected to SDS-PAGE; blotted onto polyvinylidene difluoride membranes; analyzed for overexpression of either Histagged proteins [TTP(wt) and TTP(S186A)], HA-tagged proteins [IKK␣(S176/ 180A), IKK␣(S176/180E), 14-3-3␤(wt), 14-3-3␤(S60A), 14-3-3␤(S132A), and 14-3-3␤(S132E)], or flag-tagged proteins [IKK␥(⌬246-365), IKK␤(S177/181A), and IKK␤(S177/181E)] with anti-His or anti-hemagglutinin (HA) (both Santa Cruz Biotechnology) or anti-flag (Sigma) antibodies, as indicated; incubated with the appropriate horseradish peroxidase-labeled secondary antibodies; and assayed with the ECL detection system. Immunofluorescence staining. HUVECs were grown on gelatin-coated, glutaraldehyde-treated Lab-Tek II chamber slides (Nunc, Roskilde, Denmark), while transfected HeLa TO cells were grown on untreated chamber slides prior to stimulation as indicated. After fixation with 3% para-formaldehyde, cells were stained with anti-TTP or anti-His (Santa Cruz Biotechnology) antibodies, followed by incubation with fluorescein isothiocyanate-conjugated goat anti-rabbit Ig (Jackson ImmunoResearch, West Grove, PA) and rabbit anti-mouse Ig (DAKO), respectively. Nuclei were stained with Hoechst (Molecular Probes, Eugene, OR). The cellular localizations of endogenous TTP and His-tagged TTP were determined under a Nikon eclipse E800 microscope.
Recombinant protein expression. GST-14-3-3␤ proteins were expressed in Escherichia coli DH5␣ and purified using the B-PER GST spin purification kit (Pierce, Rockford, IL) according to the manufacturer's instructions.
IKK␤ and PKC␦ kinase assays. Immunoprecipitations were performed using whole-cell extracts from either unstimulated or TNF-␣-stimulated HUVECs with anti-IKK␤ or anti-PKC␦ antibodies (both from Santa Cruz Biotechnology). Immunocomplexes were resuspended in assay mixture (20 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 1 mM Na 3 VO 4 , 1 mM NaF, 15 M ATP, and 5 Ci [␥-
32 P]ATP [3,000 Ci/mmol; Amersham Biosciences] for IKK␤; 20 mM TrisHCl, pH 7.5, 10 mM MgCl 2 , 400 M CaCl 2 , 250 M EGTA, 320 g/ml phosphatidylserine, 32 g/ml diacylglycerol, 100 g/ml bovine serum albumin, 20 M ATP, and 5 Ci [␥-
32 P]ATP for PKC␦). Either 1 g GST-IB␣ (Santa Cruz Biotechnology), GST-14-3-3␤(wt), GST-14-3-3␤(S60A), GST-14-3-3␤(S132A), or GST-14-3-3␤(S60/132A) was added as substrate, and the reactions were incubated at 30°C for 30 min. After SDS-PAGE, phosphorylated substrates were visualized using the Molecular Dynamics Storm system and ImageQuant software (Amersham Biosciences).
Statistical analysis. Data are presented as means Ϯ standard deviation derived from at least three independent experiments. Statistical analyses were performed on the data using Student's t test for paired observations. Statistical significance of the data was set at P Ͻ 0.05.
RESULTS
␤4GalT1/AU2 is bound by TTP in resting HUVECs, whereas TNF-␣ signaling induces its release. To identify the destabilizing factor binding to ␤4GalT1 mRNA in resting cells (13), we first examined what known destabilizing AUBPs are expressed in HUVECs. Quantitative real-time PCR analysis revealed that TTP and BRF1 mRNAs are present in HUVECs, whereas AUF1 and KSRP mRNAs are not (data not shown). For comparison, all four AUBP mRNAs were easily detectable in control samples from T lymphocytes (data not shown). To determine the role of TTP and BRF1 in the modulation of the ␤4GalT1 mRNA stability, stable knockdown cell lines for either of both factors in HeLa TO cells were established. Analysis at the level of mRNA expression by quantitative real-time PCR showed that the expression of TTP and BRF1 mRNAs was silenced by Ͼ90 and 95%, respectively (data not shown). Silencing of the expression of TTP resulted in a significant increase in the ␤4GalT1 mRNA expression level: it was 2.6 Ϯ 0.23-fold (P Ͻ 0.01) higher than the expression levels in control cells expressing a scrambled siRNA (Fig. 1A) . In accordance, the half-life of ␤4GalT1 mRNA was increased from 121 Ϯ 16 min in control cells to 210 Ϯ 25 min (P Ͻ 0.05) (Fig. 1B) . In contrast, neither the expression level nor the half-life of ␤4GalT1 mRNA was changed in BRF1 knockdown cells compared with control cells (Fig. 1A and B) . These results indicate that the TTP is involved in the modulation of ␤4GalT1 mRNA stability.
Overexpression of TTP in HeLa TO cells cotransfected with a chimeric ␤-globin mRNA containing the ␤4GalT1 3ЈUTR (␤-globin-3ЈUTR ␤4GT1 ) resulted in a significant reduction of ␤-globin-3ЈUTR ␤4GT1 mRNA stability: its half-life was determined at 66 Ϯ 9 min (P Ͻ 0.01), compared with 135 Ϯ 28 min for mock-transfected cells ( Fig. 1C; see Fig. S1 in the supplemental material). Both in mock-transfected and in TTP-overexpressing cells, TNF-␣ stimulation increased the half-life of ␤-globin-3ЈUTR ␤4GT1 mRNA to the same level ( Fig. 1C ; see Fig. S1 in the supplemental material). Overexpression of TTP in cells expressing a chimeric mRNA harboring a mutated AU2 within the ␤4GalT1 3ЈUTR (␤-globin-mAU2) did not affect the stability of this chimeric mRNA, neither in unstimulated nor in TNF-␣-stimulated cells ( Fig. 1C; see Fig. S1 in the supplemental material).
To confirm the binding of TTP to ␤4GalT1 mRNA, we performed RIP assays after cross-linking of cellular RNAprotein and DNA-protein complexes with formaldehyde. All ␤4GalT1 mRNA in resting HUVECs was found in TTP-immunocomplexes (Fig. 1D) . Similarly, all ␤-globin-3ЈUTR ␤4GT1 mRNA in unstimulated transfected HeLa TO cells was found associated with TTP (Fig. 1E) . Notably, no ␤-globin-mAU2 mRNA could be detected in TTP-immunocomplexes (Fig. 1E) .
TNF-␣ stimulation gradually abrogated the binding of TTP to ␤4GalT1 mRNA: after 10 min of TNF-␣ treatment, nearly 87% of all cellular ␤4GalT1 mRNA was still bound by TTP, whereas after 30 min only approximately 30% was associated with TTP. After 1 h of TNF-␣ stimulation, no ␤4GalT1 mRNA could be found in association with TTP (Fig. 1D ). This finding correlates with the gradual increase in the half-life of ␤4GalT1 mRNA that was observed after TNF-␣ stimulation (13) . Thus, it can be concluded that the binding of TTP to AU2 of ␤4GalT1 mRNA is affected by TNF-␣-induced signaling pathways, resulting in the release of the AUBP.
TNF-␣ induces ␤4GalT1 mRNA stabilization through two distinct signaling pathways mediated by IKK␤ and PKC␦. The TNF-␣ receptors (TNFRs) TNFR1 and TNFR2 trigger a variety of signaling pathways, leading to a large range of cellular effects (21) . To identify the signaling pathways induced by TNF-␣ which are involved in the observed ␤4GalT1 mRNA stabilization, a series of inhibitors directed against proteins known to participate in TNF-␣ signal transduction routes were employed. The ␤4GalT1 mRNA had a half-life of 142 Ϯ 23 min, which increased to 295 Ϯ 48 min (P Ͻ 0.01) after 1 h of TNF-␣ stimulation ( Fig. 2A; see Fig. S2A in the supplemental material) (13) . Two of the inhibitors antagonized the TNF-␣-induced stabilization of ␤4GalT1 mRNA without affecting the half-life in unstimulated HUVECs. The half-life of ␤4GalT1 mRNA in TNF-␣-stimulated cells after treatment with BAY11-7082, an inhibitor of IB phosphorylation, was determined at 127 Ϯ 40 min (P Ͻ 0.01), while the half-life in TNF-␣-stimulated cells after treatment with rottlerin, a specific inhibitor of the serine/threonine kinase PKC␦, was 133 Ϯ 32 min (P Ͻ 0.01), similar to the half-life found in unstimulated cells ( Fig. 2A; BAY11-7082 is an inhibitor of IB phosphorylation, a process that is mediated by the multiprotein IKK complex. The core IKK holoenzyme is composed of three distinct subunits, the two catalytically active kinases IKK␣ and IKK␤, and the noncatalytic IKK␥. IKK␥ is obligatory for oligomerization and hence transautophosphorylation-mediated activation of the IKK complex (20, 40) . Dominant-interfering and kinase-active IKK mutants were employed to examine which of the IKK components are required for TNF-␣-induced ␤4GalT1 mRNA stabilization. The overexpression of the IKK mutants after transfection of HeLa TO cells was checked by Western blotting and was similar for all mutants in all experiments (data not shown). The overexpression of an IKK␥ mutant lacking the domain responsible for oligomerization of the IKK complex, IKK␥(⌬246-365), in HeLa TO cells completely blocked the increase in the half-life of ␤-globin-3ЈUTR
␤4GT1 mRNA induced by TNF-␣, indicating that IKK activity is required for TNF-␣ to increase the stability of ␤4GalT1 mRNA ( Fig. 2B ; see Fig. S2B in the supplemental material) . Similarly, the overexpression of a kinase-inactive IKK␤ mutant, IKK␤(S177/ 181A), efficiently impeded the TNF-␣-induced stabilization of ␤-globin-3ЈUTR ␤4GT1 mRNA ( Fig. 2B ; see Fig. S2B in the supplemental material). In contrast, the overexpression of a kinase-inactive mutant of IKK␣, IKK␣(S176/180A), did not affect ␤-globin-3ЈUTR ␤4GT1 mRNA stabilization after TNF-␣ stimulation ( Fig. 2B; see Fig. S2B in the supplemental material). Strikingly, cells overexpressing a constitutively active IKK␤ mutant, IKK␤(S177/181E), still required TNF-␣ stimulation to induce stabilization of the chimeric mRNA ( Fig. 2B ; see Fig. S2B in the supplemental material), implying that the activation of IKK␤ is necessary but not sufficient for TNF-␣ to exert its modulatory effects of mRNA stability.
These data together suggested that the TNF-␣-mediated activation of both IKK␤ and PKC␦ was required for the release of TTP from mRNA which precedes ␤4GalT1 mRNA stabilization; therefore, we next performed RNA immunoprecipitation assays using anti-TTP antibodies on both resting and TNF-␣-stimulated cells in the absence or presence of the In the presence of the IKK inhibitor BAY11-7082, which would still allow the activation of PKC␦, the TNF-␣-induced signaling pathways were not sufficient to dissociate TTP from ␤4GalT1 mRNA, as all cellular ␤4GalT1 mRNA was still found associated with TTP after TNF-␣ stimulation (Fig. 2C) . Similarly, all cellular ␤4GalT1 mRNA remained bound by TTP after TNF-␣ stimulation in the presence of the PKC␦-inhibitor rottlerin, which would still allow the activation of the IKK complex (Fig. 2C) . These results indicate that the activation of either IKK␤ or PKC␦ by TNF-␣ is insufficient to induce the release of TTP from ␤4GalT1 mRNA and induce its stabilization, whereas the TNF-␣-induced activation of both kinases at the same time does result in TTP release from and stabilization of ␤4GalT1 mRNA. Nuclear sequestration of TTP induces ␤4GalT1 mRNA stabilization. Nucleocytoplasmic shuttling has been demonstrated for several AUBPs, like TTP, AUF1, and Hu antigen R, and their cytoplasmic accumulation in response to extracellular signals is suggested to be linked to mRNA stability modulation (26, 31, 41) . The subcellular localization of endogenous TTP in HUVECs was examined by immunocytochemistry. Serum starvation as applied in all experiments did not affect the localization of endogenous TTP (data not shown). TTP was predominantly localized in the cytoplasm in resting HUVECs. However, after TNF-␣ treatment of the cells, the localization of TTP was restricted to the nucleus (Fig. 3A) .
TTP is subject to constant nucleocytoplasmic shuttling due to the presence of both a nuclear localization signal (NLS) and a nuclear export signal. Nuclear export of TTP is dependent on the nuclear export receptor CRM1, while nuclear import of TTP is an energy-driven process involving the import receptors importin ␣/␤ (24, 26). Inhibition of the nuclear export system by LMB, which specifically binds to CRM1, resulted in the nuclear accumulation of TTP (Fig. 3A) . In parallel, we observed that LMB significantly increased the half-life of ␤4GalT1 mRNA to 304 Ϯ 70 min (P Ͻ 0.03) in unstimulated HUVECs, mimicking the effect of TNF-␣ stimulation with respect to ␤4GalT1 mRNA stabilization ( Fig. 3B; see Fig. S3 in the supplemental material).
Inhibition of either TNF-␣-induced IKK␤ or PKC␦ activity with BAY11-7082 or rottlerin, respectively, blocked the nuclear translocation of TTP in HUVECs as induced by TNF-␣ in the absence of inhibitors (Fig. 3A) . These results led to the working hypothesis that the TNF-␣-induced IKK␤/PKC␦-mediated event leading to the release of the binding of TTP to mRNA is one and the same as the event resulting in the nuclear translocation of TTP.
TTP is complexed with 14-3-3␤ while bound to ␤4GalT1 mRNA. The cytoplasmic localization of TTP is influenced by binding of the chaperone protein 14-3-3 to a phosphoserine residue at position 186 of TTP, which supposedly masks the NLS of TTP (19, 24) . Overexpression of a His-tagged TTP mutant (S186A), which is unable to interact with 14-3-3, in HeLa TO cells was unable to accelerate the decay of ␤-globin-3ЈUTR ␤4GT1 mRNA ( Fig. 4A ; see Fig. S4 in the supplemental material), unlike its wild-type counterpart (Fig. 1C) , although the expression levels of both proteins were comparable (data Immunocytochemistry showed that TTP(S186A) was sequestered in the nucleus (Fig. 4B ), in accordance with the reported requirement for the association between TTP and 14-3-3 to retain TTP in the cytoplasm, enabling TTP to bind to target mRNAs there. Next, it was investigated whether TTP and 14-3-3 remain associated when bound to ␤4GalT1 mRNA in HUVECs. RNA/protein complexes were immunoprecipitated using anti-14-3-3 antibodies and analyzed for the presence of ␤4GalT1 mRNA. All ␤4GalT1 mRNA in resting HUVECs was detected in association with 14-3-3 (Fig. 4C) . The association between 14-3-3 and ␤4GalT1 mRNA was gradually lost (Fig. 4C) , with kinetics similar to the dissociation of TTP from ␤4GalT1 mRNA due to TNF-␣ treatment (Fig. 1D) .
In mammalian cells, seven highly conserved isoforms of 14-3-3 have been identified (1) . Quantitative real-time PCR analysis showed that 14-3-3␤, 14-3-3ε, and 14-3-3 are expressed at intermediate levels in HUVECs; 14-3-3␥ is highly expressed; and 14-3-3, 14-3-3, and 14-3-3 are undetected (Fig. 4D) . The HeLa TO cells used to study chimeric mRNA stability only expressed 14-3-3␤ and the epithelial specific isoform 14-3-3 (data not shown). To examine whether 14-3-3 isoforms show preferences in binding towards TTP, RNA immunoprecipitation assays were performed with antibodies specific for all seven isoforms. Only 14-3-3␤ was found associated with ␤4GalT1 mRNA in resting HUVECs (Fig. 4E) , and this association was reversed after 1 h of TNF-␣ stimulation (Fig. 4C) . Western blotting experiments confirmed that the lack of association of other 14-3-3 isoforms with ␤4GalT1 mRNA was not due to failure of the antibodies to recognize the proteins after formaldehyde-induced cross-linking (data not shown). All together, these data suggest that a complex of TTP with 14-3-3␤ is formed to retain TTP in the cytoplasm, where it binds to ␤4GalT1 mRNA to induce rapid mRNA decay.
IKK␤ phosphorylates serine residue Ser132 and PKC␦ phosphorylates serine residue Ser60 of 14-3-3␤. To understand mechanistically how the TNF-␣-induced signaling pathways mediated by the serine/threonine kinases IKK␤ and PKC␦ affect the association of 14-3-3␤ with TTP and consequently binding of the complex to mRNA, we set out to find target phosphorylation sites on either TTP or 14-3-3␤. Western blotting experiments clearly showed that TTP was phosphorylated on serine/threonine residues in resting HUVECs, while serine/threonine phosphorylation of 14-3-3␤ could not be detected. Upon TNF-␣ stimulation, phosphorylated 14-3-3␤ was easily detectable (Fig. 5A) , indicating that most likely 14-3-3␤ is the substrate for both IKK␤ and PKC␦. Since it has been reported that dimerization of 14-3-3 is required for ligand binding and that phosphorylation of a serine residue within the dimer interface of some of the 14-3-3 isoforms disrupts the 14-3-3 dimer (35, 46), we mutated Ser60 to alanine to generate a mutant of 14-3-3␤ that is resistant to dimer disruption. Overexpression of 14-3-3␤(S60A) in HeLa TO cells completely inhibited the TNF-␣-induced stabilization of ␤-globin-3ЈUTR ␤4GT1 mRNA ( Fig. 5B ; see Fig. S5A in the supplemental material). This effect was restricted to the 14-3-3␤ mutant as mutants of two other isoforms, 14-3-3ε and 14-3-3, harboring identical Ser-to-Ala substitutions within their dimerization domain were unable to block the effect of TNF-␣ on ␤-globin-3ЈUTR ␤4GT1 mRNA stability (data not shown). Phosphorylation of Ser130 of rat 14-3-3␤ (the equivalent of Ser132 in human 14-3-3␤), a serine residue unique to the 14-3-3␤ isoform, has been shown to negatively regulate ligand binding (42) . Likewise, as 14-3-3␤(S60A), the overexpression of 14-3-3␤(S132A) counteracted the TNF-␣-induced stabilization of ␤-globin-3ЈUTR ␤4GT1 mRNA ( Fig. 5B ; see Fig. S5A in the supplemental material).
To determine if IKK␤ and PKC␦ could phosphorylate these serine residues of 14-3-3␤ in vitro, we produced 14-3-3␤ mutants fused to GST and used these proteins as substrates in IKK␤ and PKC␦ immunocomplex kinase assays. We found that both kinases phosphorylated wild-type 14-3-3␤, whereas the double mutant 14-3-3␤(S60/132A) remained unphosphorylated (Fig. 5C) . IKK␤ phosphorylated only the 14-3-3␤(S60A) mutant, while PKC␦ phosphorylated only 14-3-3␤(S132A) (Fig. 5C ). To verify these findings, we overexpressed either wild-type 14-3-3␤ or 14-3-3␤(S132E), a mutant mimicking phosphorylation of Ser132, in HeLa TO cells and assessed the sensitivity of the TNF-␣-mediated stabilization of ␤-globin-
3ЈUTR
␤4GT1 mRNA to the IKK and PKC␦ inhibitors. Both BAY11-7082 and rottlerin blocked the increase in the half-life of ␤-globin-3ЈUTR ␤4GT1 mRNA after TNF-␣ stimulation in the cells expressing wild-type 14-3-3␤ ( Fig. 5D ; see Fig. S5B in the supplemental material), in agreement with their effects on the stabilization of ␤4GalT1 mRNA in HUVECs (Fig. 2A) . However, cells expressing 14-3-3␤(S132E) were insensitive to treatment with BAY11-7082 with regard to the TNF-␣-induced ␤-globin-3ЈUTR ␤4GT1 mRNA stabilization, indicating that the kinase responsible for phosphorylation of Ser60 was still functional in these cells ( Fig. 5D ; see Fig. S5B in the supplemental material). In contrast, TNF-␣ treatment no longer resulted in a reduced turnover of ␤-globin-3ЈUTR ␤4GT1 mRNA in the 14-3-3␤(S132E)-expressing cells in the presence of rottlerin, indicating that rottlerin inhibited the kinase responsible for phosphorylation of Ser60 ( Fig. 5D ; see A TTP mutant lacking the ability to complex with 14-3-3 has no effect on ␤4GalT1 mRNA stability. His-TTP(S186A) was overexpressed in HeLa TO cells expressing chimeric mRNA containing the wt ␤4GalT1 3ЈUTR. Its half-life was determined as described in the legend to Fig. 1C . The graphs (relative chimeric mRNA expression versus time after the addition of DOX) for the determination of the half-lives are available in Fig. S4 in the supplemental material. The overexpression of His-tagged TTP(S186A) was checked by Western blotting with an anti-His antibody as described in Materials and Methods. (B) TTP(S186A) is localized in the nucleus. HeLa TO cells expressing His-TTP(S186A) were grown in chamber slides. Subcellular localization of mutant TTP was determined by immunofluorescence microscopy after staining with anti-His antibodies. Hoechst staining indicates the position of nuclei. (C) TNF-␣ induces the dissociation of 14-3-3 from ␤4GalT1 mRNA. HUVECs, stimulated with TNF-␣ as indicated, were treated with formaldehyde to preserve protein complexes bound to mRNA by reversible cross-links. Anti-pan 14-3-3 immunocomplexes were analyzed for the presence of ␤4GalT1 mRNA by quantitative real-time PCR. (D) HUVECs express a subset of 14-3-3 isoforms. Quantitative real-time PCR analysis of 14-3-3 isoforms was performed on mRNA isolated from resting HUVECs to determine the relative expression levels. (E) 14-3-3␤ is the only isoform associated with ␤4GalT1 mRNA. RNA/immunoprecipitation assays were performed on HUVECs as described in the legend to Fig. 1D , using specific antibodies directed against the different isoforms instead of the anti-pan 14-3-3 antibodies. strongly suggest that the phosphorylation of 14-3-3␤ on Ser60 and Ser 132 by PKC␦ and IKK␤, respectively, in response to TNF-␣ stimulation is responsible for the dissociation of 14-3-3␤ from TTP.
DISCUSSION
The important role for the regulation of gene expression at the level of mRNA stability has been recognized for many years. A large knowledge base about the proteins affecting mRNA turnover exists, yet the regulatory mechanisms involved remain to be elucidated. The ␤4GalT1 gene provided us with a unique opportunity to study the regulatory mechanism affecting TTP binding to AU-rich elements and function, since the stability of its mRNA is regulated through a single ARE bound by TTP in resting HUVECs. Our findings provide evidence for a mechanism regarding the IKK␤-and PKC␦-dependent phosphorylation of 14-3-3␤ in an mRNA-bound complex with TTP, a destabilizing AUBP, which induces the release of the complex from AREs and consequently stabilization of their target mRNAs. The mechanism described might influence the mRNA stability of all mRNAs containing TTP-binding elements.
Our results indicate that cytoplasmic retention of TTP is effected through association with the chaperone protein 14-3-3␤ and, more importantly, is required for TTP to bind to its FIG. 5 . Phosphorylation of 14-3-3␤ by IKK␤ and PKC␦ promotes ␤4GalT1 mRNA stabilization. (A) TNF-␣ stimulation induces serine/ threonine phosphorylation of 14-3-3␤, while TTP is already heavily phosphorylated on serine/threonine residues in resting HUVECs. Phosphoserine/threonine (P-S/T)-containing proteins were immunoprecipitated from lysates of unstimulated HUVECs or HUVECs stimulated for 15 min with TNF-␣. Western blotting was performed using anti-TTP and anti-14-3-3␤ antibodies. Total levels of TTP and 14-3-3␤ were also checked by control immunoprecipitations. (B) 14-3-3␤ mutants carrying S60A or S132A substitutions interfere with TNF-␣-induced ␤4GalT1 mRNA stabilization. 14-3-3␤(S60A) or 14-3-3␤(S132A) was overexpressed in HeLa TO cells expressing chimeric mRNA containing the wt ␤4GalT1 3ЈUTR. Its half-life was determined as described in the legend to Fig. 1C . The graphs (relative chimeric mRNA expression versus time after the addition of DOX) for the determination of the half-lives are available in Fig. S5A in the supplemental material. The overexpression of HA-tagged 14-3-3␤(S60A) and 14-3-3␤(S132A) was checked by Western blotting with an anti-HA antibody as described in Materials and Methods. (C) Ser60 and Ser132 of 14-3-3␤ are phosphorylated by PKC␦ and IKK␤ in vitro. PKC␦ and IKK␤ were immunoprecipitated from lysates of u nstimulated HUVECs or HUVECs stimulated for 15 min with TNF-␣. Bacterially expressed GST-14-3-3␤ fusion proteins were used as substrates in kinase assays. (D) Acquired resistance to rottlerin in 14-3-3␤(S132E)-expressing cells with regard to TNF-␣-induced ␤4GalT1 mRNA stabilization. 14-3-3␤(S132E) was overexpressed in HeLa TO cells expressing chimeric mRNA containing the wt ␤4GalT1 3ЈUTR. The cells were treated with BAY11-7082 or rottlerin as indicated, before the half-life of the chimeric mRNA was determined as described in the legend to Fig. 1C . The graphs (relative chimeric mRNA expression versus time after the addition of DOX) for the determination of the half-lives are available in Fig. S5B in the supplemental material. The overexpression of HA-tagged 14-3-3␤(wt) and 14-3-3␤(S132E) was checked by Western blotting with an anti-HA antibody as described in Materials and Methods.
VOL. 25, 2005 14-3-3␤ PHOSPHORYLATION MODULATES mRNA STABILITY 6461 target mRNAs and induce their exosome-mediated decay. We now show for the first time that the association between 14-3-3␤ and TTP remains intact upon binding to mRNA. This observation is of importance, as it adds a potential target for the modulation of mRNA stability by extracellular signals. TNF-␣ stimulation of HUVECs induces the nuclear translocation of TTP, in parallel with stabilization of ␤4GalT1 mRNA, whose stability is solely regulated through a TTPdependent mechanism. Based on our studies with 14-3-3␤ mutants, we propose a mechanism in which 14-3-3␤ becomes phosphorylated upon TNF-␣ stimulation, resulting in both the disruption of the 14-3-3 dimer and the association between 14-3-3␤ and TTP. The binding of 14-3-3␤ to TTP retains TTP within the cytoplasm, supposedly by masking its NLS (19, 24) . The dissociation of 14-3-3␤ from TTP will once again expose the NLS, forcing the release of TTP from the mRNAs to which it is bound, followed by its nuclear translocation. Presumably, stabilizing AUBPs will bind the abandoned mRNAs, but the identity of the factors involved remains to be established. Two distinct signaling pathways triggered by TNF-␣ are involved in the phosphorylation of 14-3-3␤, and both are required to interfere with the interaction between 14-3-3␤ and TTP. One pathway induces the activation of the IKK complex, while the other involves the activation of PKC␦, both known downstream modulators of TNFR ligation (21) . Surprisingly, we found no regulatory role for MK2 in the association between 14-3-3 and TTP, although MK2 has been implicated in phosphorylation of both proteins (9, 27) .
The activation of the IKK complex leads to the phosphorylation of 14-3-3␤ on Ser132 by IKK␤, while PKC␦ activation results in phosphorylation of Ser60. Ser60 resides within the dimer interface of 14-3-3␤. It has previously been reported that dimerization of 14-3-3 isoforms is required for phosphorylation-dependent binding of its ligands (35) . Binding of 14-3-3␤ to TTP is controlled through a phosphoserine at position 186. Mutation of this serine residue abolishes binding of TTP to 14-3-3␤, leading to sequestration of TTP in the nucleus, as shown by immunocytochemistry. Previous reports had already identified sphingosine-dependent protein kinase 1, which comprises the 40-kDa kinase domain of PKC␦, as a 14-3-3-phosphorylating kinase (16) . Phosphorylation of Ser60 disrupts the dimer formation of 14-3-3␤, interfering with the binding of TTP. However, our findings indicate that phosphorylation of Ser60 alone is insufficient to antagonize the destabilization of mRNA as induced by the bound 14-3-3␤/TTP complex: phosphorylation of Ser 132 is also necessary.
Ser132 is identified as a target phosphorylation site for IKK␤ in response to TNF-␣ stimulation. This is the first time that 14-3-3␤ has been shown to be a substrate for IKK␤. The sequence in which Ser132 (boldface) is present, RX 2 SX 3 S, matches the putative recognition sequence found in the few known IKK␤ substrates (12, 18) . Ser132 is located closely to the binding pocket of 14-3-3␤, which is formed by Lys51, Arg58, Arg129, and Tyr130 (29) . We hypothesize that phosphorylation of Ser132 affects but does not block the binding of TTP in the binding pocket of 14-3-3␤, either by steric hindrance or through induced conformational changes. We propose a model in which dimerization of 14-3-3 is crucial for ligand binding by making the binding groove accessible for phosphorylated ligands; however, it is not necessary to maintain ligand binding. On the other hand, nonoptimal binding of ligand in the binding pocket due to phosphorylation of Ser132 is stabilized by the conformation adopted by dimerization and ligand binding. It has been demonstrated for 14-3-3 that ligand binding in the binding pocket results in conformational changes within the C-terminal tail (25) , hypothetically stabilizing the ligand binding or locking the ligand in place.
The expression of many other genes besides ␤4GalT1 will be affected by the proposed mechanism. AREs have been detected in many cytokine, growth factor, and chemokine mRNAs. Furthermore, many glycosyltransferase mRNAs besides ␤4GalT1 contain AREs, although it remains to be established whether these are functional (J. J. García-Vallejo and S. I. Gringhuis, unpublished data). The importance of regulating mRNA binding by TTP and understanding the underlying mechanism is especially showcased by the TNF-␣ gene: mice lacking TTP develop an autoimmune syndrome as a consequence of excessive TNF-␣ production, due to the increased stability of TNF-␣ mRNA (39) . Of course, many labile mRNAs are regulated through binding of more than one AUBP, and the additive modulatory mechanisms affecting the binding of those AUBPs will have to be considered for each gene individually.
During the preparation of the manuscript, Stoecklin and colleagues described that complex formation between 14-3-3 and TTP prevented the decay of ARE-containing mRNAs (38) . Although at first glance these results seem to be in contrast with our results, they might actually reflect another layer of complexity to the mechanisms regulating mRNA stability through TTP. Preliminary results show that not TTP but 14-3-3␤ is responsible for the recruitment of the exosome to the ␤4GalT1 transcripts. Stoecklin et al. did not discriminate between the seven 14-3-3 isoforms, but it is tempting to speculate that the observed differences lie in a differential expression pattern of 14-3-3 isoforms within different cell types. The highly homologous isoforms show only variability within their C-terminal stretches, which might reflect their ability to recruit the exosome. In accordance with this hypothesis is the finding that components of the exosome can be isolated from HeLa cell lysates via 14-3-3 affinity chromatography (30) . Further investigations are ongoing to analyze in molecular detail the modulation of mRNA stability through different TTP/14-3-3 complexes, which will greatly enhance our knowledge of the regulatory mechanisms behind mRNA stability modulation.
